us to apply the same method to TRPV1, a closely related ion channel, and the best-characterized thermoTRP biophysically.
Somatosensory neurons sense changes in our environment through neuronal endings in the skin. A group of nonselective transient receptor potential (TRP) cation channels that are expressed in somatosensory neurons have emerged as major sensors of temperature and chemicals and have been implicated in acute and chronic pain 1, 2 . TRPV1 is activated under physiological conditions by noxious high temperatures (>42 °C), low (extracellular) and high (intracellular) pH, positive voltages and by pungent chemicals such as capsaicin, the active ingredient in hot chili peppers [3] [4] [5] [6] [7] . TRPV1's involvement in acute noxious thermosensation and thermal hyperalgesia in vivo is well documented 8, 9 . TRPV1 is one of nine known mammalian thermoTRPs, each of which is activated with a distinct temperature threshold [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Mutagenesis studies have been used to map residues in TRPV1 that are specifically involved in activation by capsaicin, allicin, protons, ammonia and voltage 3, [19] [20] [21] [22] [23] [24] . In contrast, temperature gating in thermoTRPs is poorly understood. It has been shown that temperature sensitivity in heat-activated TRPV1 and cold-activated TRPM8 is allosterically linked to chemical and voltage activation 7, [25] [26] [27] [28] . Furthermore, chimeric TRPV1 and TRPM8 constructs have shown that the cytoplasmic C-terminal domains can determine temperature directionality 29 . However, there is no established and unifying theory of temperature gating.
Recently, we used an unbiased mutagenesis screen on related TRPV3 and identified single-point mutations clustered in transmembrane domain 6 (TM6) and the adjacent extracellular loop that rendered TRPV3 temperature insensitive without interfering with its ligand activation mechanism 30 . However, how these mutations affect channel function mechanistically and whether these residues are specifically required for TRPV3 or are part of a general structure involved with temperature sensitivity of thermoTRPs is unknown. This prompted a r t i c l e s
The temperature deficits in TRPV1 clones were mild compared with point mutants that we identified in TRPV3 (ref. 30) . We therefore examined whether combination of these mutations could enhance the temperature phenotype. We constructed a double mutant with mutations N652T and Y653T and a triple mutant with mutations N628K, N652T and Y653T. Notably, combining these mutations yielded receptors with capsaicin, 2APB and pH EC 50 values and maximal responses that were indistinguishable from wild-type TRPV1 (Fig. 1b and Table 1 ), but with a further reduction in temperature responses (Fig. 1c-e) . Whole-cell Although none of the clones responded to cold stimulation, we found one single point mutation from the random library (N628K) and two from the focused library (N652T and Y653T) that resulted in TRPV1 channels that responded normally to capsaicin and pH, but whose heat response was reduced in amplitude and shifted to higher temperatures ( Fig. 1 and Table 1 ). Moreover, the time course of activation of these single point mutants was identical (capsaicin and 2APB) or very similar (pH) when compared with wild-type TRPV1, suggesting that desensitization was not strongly altered ( Supplementary Fig. 2 ). mTRPV3 GLGDLNIQQNSTYPILFLFLLITYVILTFVLLLNMLIALMGET 680 rTRPV1 GMGDLEFTENYDFKAVFIILLLAYVILTYILLLNMLIALMGET 685 *:***:: :* : :*::**::*****::************* The maximum responses when normalized to wild-type TRPV1 (100 ± 21%) were 39 ± 11% (N628K), 47 ± 12% (N652T), 34 ± 9% (N652T and Y653T) and 20 ± 6% (N628K, N652T and Y653T). (e) Whole-cell currents of cells transfected with wild-type TRPV1 or mutant receptors at +60 mV on application of temperature ramps.
a r t i c l e s and Y653T) and triple mutants (N628K, N652T and Y653T), which cause the strongest temperature phenotype. In wild-type TRPV1, the maximum current increases and the voltage of half-maximal activation (V half ) is shifted to more negative potentials by capsaicin and higher temperatures 7, 25, 27, 28 . We therefore measured channel activation in the absence or presence of capsaicin and at different temperatures while applying a voltage-step protocol. Positive potentials (>100 mV) at 20 °C evoked a current in wild-type TRPV1 and the triple mutant (N628K, N652T and Y653T) (Fig. 3a) . We found that all of the heat mutant channels were activated by a V half that was indistinguishable from that of wild-type TRPV1 channels (wild-type TRPV1, 161 ± 15 mV; N628K, 157 ± 6 mV; N652T and Y653T, 146 ± 38 mV; N628K, N652T and Y653T, 157 ± 19 mV), which could be best seen in conductancevoltage (G-V) plots (Fig. 3b,c) . The voltage-activation curves of the mutants and of wild-type TRPV1 underwent the same shift when we applied a saturating capsaicin concentration (1 µM) at 20 °C (no capsaicin, 161 ± 15 mV; 1 µM capsaicin, 54 ± 23 mV; Fig. 3a-c) . Thus, the voltage response and the capsaicin-induced voltage shift were intact in these channels at 20 °C. However, the current evoked at very positive potentials (>100 mV) increased markedly with higher temperature in wild-type TRPV1, but was hardly increased in the triple mutant (N628K, N652T and Y653T) ( Fig. 3d-f ). This observation confirms the deficit in temperature activation that we observed for this mutant in the calcium-influx assay. In all three of the mutants that we examined, higher temperatures induced a smaller shift in the V half than in wild-type channels compared with that at 20 °C (Fig. 3d-f ). This was most clearly observed for shifts of V half evoked at 40 °C (wild-type TRPV1, -81 ± 23 mV; N628K, -37 ± 7 mV; N652T and Y653T, -37 ± 30 mV; N628K, N652T and Y653T, 7 ± 3 mV) and the decrease of shifts of V half correlated with the magnitude of the deficit of the mutants in temperature activation (temperature of half-maximal activation): wild-type TRPV1 < N628K < N652T and Y653T < N628K, N652T and Y653T (Figs. 1d and 3d-f) . Notably, the triple mutant (N628K, N652T and Y653T) did not exhibit any substantial shift of V half (155 ± 20 mV at 20 °C versus 162 ± 30 mV at 40 °C) in the tested range, which was limited by the temperature stability of gigaseal patches. Therefore, allosteric coupling of capsaicin voltage is normal (at 20 °C), but the temperature-voltage coupling is changed, reinforcing the idea that the mutations that we identified specifically affect the temperature modality.
recordings confirmed the deficit in temperature response seen in fluorescence imaging plate reader (FLIPR) experiments (Fig. 1e) . Both TRPV1 mutants from the targeted library (N652 and Y653) are in the presumptive extracellular loop between the selectivity filter and TM6 (Fig. 2a,b) . None of the TM6 mutations from TRPV3 came up positive for TRPV1. Notably, the sole mutation obtained from the random library (N628) was also in the pore region, adjacent to the pore helix and potentially in the loop joining TM5 to the pore helix (Fig. 2a,b) . In a homology model of the TRPV1 pore domain derived from the crystal structure of the homologous Kv1.2 (46% homology in pore regions) 31 , these residues are in close proximity to each other in adjacent subunits (N628 to N652/Y653) and in proximity of and potentially in direct contact with three glutamates (E600, E648 and E651) that were previously found to be important for pH activation 21, 22 (Supplementary Fig. 3) . Thus, the entry of the TRPV1 pore consists of a dense accumulation of residues that are important for these two modalities.
Mutations diminish temperature shift of voltage activation
We were unable to test the effect of temperature mutations on voltage in TRPV3, as this ion channel is only modulated by voltage (voltage is not sufficient to activate TRPV3). We therefore tested how the modality of voltage is affected in the TRPV1 single (N628K), double (N652T 
a r t i c l e s
It is reasonable to assume that the number of channels is not changed, as mutant channels have wild type-like maximal responses to capsaicin, 2APB and acid. However, the identified mutations are located near the pore and alteration of the unitary conductance is a possibility. To gain information on unitary conductance and channel gating kinetics, we recorded single-channel activity in the cell-attached configuration of the mutant with the strongest temperature phenotype (N628K, N652T and Y653T) and compared it with that of wild-type TRPV1.
Mutations ablate long channel openings
Calcium flux and whole-cell patch-clamp measurements suggested that mutations severely affected temperature activation, but do not completely ablate it, whereas activation by voltage and capsaicin remained unaltered. The current I measured over a whole cell is determined by the number of channels N, the unitary conductance i and the probability of channel opening p o , I = Nip o . Knowing which parameter is altered might help us to understand how mutations affect temperature gating mechanistically. a r t i c l e s (<1 ms) and longer (~10 ms) durations, the latter of which were completely absent in the triple mutant (N628K, N652T and Y653T), which was only open in the 1-ms time range (Fig. 4d) . Thus, we conclude that the alteration in the temperature activation that we observed on the whole-cell level is a result of a shift in the gating equilibrium at all temperatures, resulting in a loss of longer open times. As a control, we recorded traces in the presence of capsaicin and at -100 mV (to minimize voltage gating). Capsaicin activation has previously been shown to cause rapid fluctuations between different conductance levels 34 . In addition, open-time histograms suggest that there are at least three distinct open states, presumably originating from partially and fully liganded channels 35 . The conductance and activity kinetics of both wild-type TRPV1 and the triple mutant (N628K, N652T and Y653T) were identical in our recordings ( Supplementary  Fig. 5 ). The multiple and relatively small conductance levels prevented us from calculating dwell-time histograms to compare the two receptors more quantitatively. We therefore recorded the channel activity of both wild-type TRPV1 and the triple mutant (N628K, N652T and Y653T) at +100 mV (in these conditions, TRPV1 is gated in a unique large conductance) induced by a nonsaturating concentration of capsaicin (100 nM) under conditions that minimize activation by temperature (10 °C) (Supplementary Fig. 5 ). In the limits of the filter frequency of 2.9 kHz, the gating kinetics and histograms of open and closed times were virtually identical between wild-type and mutant TRPV1, confirming that the triple mutant is normally gated by capsaicin.
Multiple open states alter the p o and possibly the Q 10 The heterogeneous open-time histograms (Fig. 4d) In wild-type TRPV1, we observed occasional single channel openings, as determined by brief outward current pulses at +100 mV from the baseline that were absent in nontransfected cells, that became more frequent at higher temperatures (10 °C < 20 °C < 30 °C; Fig. 4a and Supplementary Fig. 4) , which has been previously described 32 . Recordings of the triple mutant (N628K, N652T and Y653T) also showed an increase in channel activity at elevated temperatures, which confirms our previous observation (Fig. 1) that even the triple mutant (N628K, N652T and Y653T) retained some temperature sensitivity ( Fig. 4a and Supplementary Fig. 4) . However, gating kinetics differed markedly at all temperatures; although wild-type TRPV1 was gated in short spikes (~1 ms) and longer (~10 ms) openings, the open times of the triple mutant (N628K, N652T and Y653T) were much shorter (~1 ms) ( Fig. 4a and Supplementary Fig. 4) . In both cases, the unitary conductance was identical (TRPV1, 87 ± 2 pS; N628K, N652T and Y653T, 84 ± 7 pS; at +100 mV, 20 °C; Fig. 4b ). In addition, we found the unitary conductance of wild-type TRPV1 to be weakly temperature dependent (Q 10 (i) = 1.4 ± 0.1), which was expected from the temperature dependence of the diffusion of ions in aqueous solution and had been shown previously (Fig. 4c) 7, 33 .
We recorded channel activity at moderate temperatures (10-30 °C) to increase patch stability and the number of gating events that could be used for statistical analysis. As a result, we were able to record and analyze 20.000-60.000 gating events for each temperature. The difference in gating kinetics was quantified by open-time histograms of peaking frequencies of wild-type TRPV1 channel openings of short a r t i c l e s overlapping. This, together with a lack of mechanistic understanding of the temperature insensitivity of TRPV3 mutants (which show a complete loss of temperature response), raises the possibility that temperature has structurally distinct effects on these two homologous channels and that the pore domain has disparate functions in temperature sensitivity. Another aspect of the temperature mutations in TRPV1 is their close proximity to residues mediating pH sensitivity 21, 22 . Specifically, the temperature phenotype of N628 mutant only occurred when the residue was replaced by the positively charged amino acids arginine and lysine (see Online Methods), suggesting that there is an interaction with the negative charge at E600. It should be noted, however, that the molecular model of the TRPV1 pore might be inaccurate at predicting the direct contact of residues N628 (temperature) and E600 (pH) across subunits 21, 22 . Indeed, alternative homology models have been proposed that do not suggest this proximity 39 . Regardless, the proximity of N652/Y653 (temperature) to E648/E651 (pH) is obvious and again raises the hypothesis that structural changes induced by heat and pH are similar and might eventually converge to gate TRPV1 (ref. 21) . Recently reported overall gain-of-function mutations located in the pore domain support this idea 40 .
The single-and combined-mutant channels that we examined are normally activated by capsaicin, 2APB, pH and have normal V half values at 20 °C, but have reduced or ablated temperature response and temperature-induced voltage shifts that are characteristic of wild-type TRPV1 (refs. 7,25) . This might not be surprising, as our screen selected for normal channel function at room temperature and a loss-of-function phenotype at high temperature. Sharp temperature thresholds that are characteristic of all thermoTRPs cannot be readily translated to the single-channel level, where channel activity occurs at all temperatures, but at altered probabilities. At all of the temperatures that we examined (10, 20 and 30 °C) , the open probability in the strongest mutant (N628K, N652T and Y653T) was reduced and single-channel recordings indicated that this was a result of a shifted gating equilibrium rather than unitary conductance.
Our single-channel recordings indicate that these mutations strongly influence the stability of long, but not short, open states. Thus, it is possible that temperature gating is a multi-step process that involves distinct residues, partially independent from those required by other agonists (capsaicin and pH). This mechanism differs from previous descriptions of temperature gating as an apparent one-step mechanism between one open and one closed state 7 . A one-step gating reaction describes the activation observed on the whole-cell level sufficiently well, probably because some open states are very short and not ratelimiting and therefore do not contribute substantially to the overall open probability. However, a one-step mechanism cannot explain the complex gating observed in single-channel recordings and how mutations specifically affect a single open state. Certainly, a sequential two-step mechanism is again oversimplified, as it does not account for other agonists, such as capsaicin, voltage or acid. In addition, multiple structural conformations might not be kinetically distinguishable and therefore not represented. And finally, multiple closed states might be functionally relevant during the temperature-activation process. However, this hypothetical mechanism demonstrates that extreme temperature sensitivity might be generated by sequential mildly temperature-sensitive steps.
Our work raises the possibility that pore loops are integral structures for the temperature sensitivity of all thermoTRPs and our analysis of the heat-deficient mutants provides a structural correlate for the function of temperature sensitivity in TRPV1. Our model for temperature gating critically depends on experimental data of mutants that are long open times decreased the open probability (p o ). How the multiple open states can be accessed from one or possibly an ensemble of multiple closed states and how they are functionally related is unclear. As all open states are conducting states with the same unitary conductance i, it is plausible that they are structurally similar and that direct transitions probably occur between them. Notably, sequential transition between multiple open states generates a higher temperature sensitivity (Q 10 ) than would be provided by one temperature-dependent transition alone. In this hypothetical mechanism, the temperature dependence of the overall current (I) is the product of the temperature dependence of the unitary conductance and all temperature dependencies of individual sequential gating transitions between n open states (O):
The lack of long open times in our mutants is therefore consistent with the decreased temperature sensitivity that we observed. In summary, we conclude that the pore domain of wild-type TRPV1 is essential for stabilizing the channel in a conducting state, thereby increasing the overall open probability and temperature sensitivity of the total current on temperature activation.
DISCUSSION
We sought to map residues in TRPV1 that are uniquely required for temperature gating. At first, this may seem counterintuitive, as temperature (unlike a chemical) is not spatially confined 36 . However, the effect that temperature exerts on the tertiary and quaternary structure of a protein is generally not uniform 37 and structural changes involved in the temperature gating reaction might be localized. This idea is supported by the concurrent finding that the pore turret of TRPV1 undergoes structural changes that are temperature dependent, but not voltage or capsaicin dependent 38 . The unbiased screen identified one residue with a temperature-specific phenotype. In addition, the targeted library yielded two positions. It is clear that screening 8,500 clones (which represents, on average, 10 mutations per amino acid residue, see Online Methods) of randomly mutagenized library did not achieve saturation. The targeted library clearly complemented the random approach. For example, position Y653, identified in the target library, caused a temperaturespecific phenotype in only 1 of 19 possible substitutions (see Online Methods) and was not picked up in the random library. Therefore, it is very unlikely that we have identified all of the heat-specific mutations of TRPV1. Furthermore, domains involved in capsaicin and pH gating might substantially overlap with a hypothetical temperature domain and mutations in this domain might not be temperature specific. This is likely to be a reason why we did not identify some of the other functional mutations known for TRPV1. For example, the acid-related residue E648 also affects capsaicin activation when mutated to glutamine, but not alanine, and would therefore not have been identified as being agonist specific in our screen 21 . Regardless of these limitations, our screen succeeded in identifying some of the known residues and domains for capsaicin and acid activation and three temperature mutations, allowing biophysical analysis of these mutants.
Similar to TRPV3, the mutations that we found were located in the pore region, suggesting that the pore domain is involved in temperature gating in TRPVs. Of course, it could be argued that the focused library was only able to find mutants in the pore region. Still, no mutation outside of the pore region was identified among the ~8,500 clones covering the entire protein. It should also be noted that the residues implicated in temperature activation of TRPV1 and TRPV3 are not completely a r t i c l e s doi:10.103715/nn.2552 nature neuroscience
For the focused library, clones were determined to be specific if three or four wells responded normally (mean V1 -2σ V1 < response < mean V1 + 2σ V1 ) to at least one stimulus, but hardly responded at all (response < mean pcDNA + 2σ pcDNA ) to another stimulus. Compared with the large-scale library, the selection criteria were less strict, allowing the follow-up of relatively more clones. We confirmed 19 clones as hits, regrew them and prepared Maxi-prep DNA. Full EC 50 curves were measured for respective stimuli (n = 3). Four clones (N652Q/L/T and Y653T) were confirmed as hits and fully sequenced. Finally, we selected the three mutations, N628K, N652T and Y653T, with the strongest phenotypes for detailed analysis.
Detailed FLIPR temperature-activation curves were produced as described previously 30 . Unnormalized fluorescence counts (F) were averaged and background (pcDNA) was subtracted. Data points with a linear relationship in log(F) -1/T plots were used to fit Boltzmann curves.
Molecular modeling.
The rat TRPV1 homology model was built using Kv1.2 (Protein Database accession number 2A79) 31 as a template, as described previously 30 .
Electrophysiology. HEK293 cells were transfected with EGFP and wild-type or mutant rTRPV1 constructs in 24-well plates using Fugene 6.0 (Roche). Cells were reseeded on 12-mm round glass coverslips (Warner Instruments) 1 d after transfection. Recordings were performed the following 2 d. Recording pipettes were pulled from micropipette glass (Sutter) and had 2-4-MΩ resistance. Whole-cell recordings were performed with pipette solution containing 150 mM NaCl, 3 mM MgCl 2 , 5 mM EGTA and 10 mM HEPES (pH 7.2) and bath solution containing 150 mM NaCl, 6 mM CsCl, 1.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose and 10 mM HEPES (pH 7.4). Isolated cells were voltage-clamped in the whole-cell mode using an EPC9 (HEKA Instruments) amplifier. Singlechannel recordings were performed in the cell-attached configuration with a bath solution of 120 mM KCl, 5 mM HEPES, 1 mM MgCl 2 and 2 mM CaCl 2 (pH 7.4) and a pipette solution containing 100 mM KCl, 10 mM HEPES, 1 mM MgCl 2 and 10 mM EGTA (pH 7.4). Voltage commands were made from the Pulse and PulseFit program (HEKA Instruments) and the currents were filtered at 2.9 kHz and recorded at 5 kHz. Cells were continuously perfused with bath solution through a Valve-Bank perfusion system (Automate Scientific). Temperature was controlled using a CL-100 temperature controller (Warner Instruments) and an SC-20 Solution In-Line Heater/Cooler (Harvard Apparatus) and measured with a thermistor placed in proximity to cell. All temperature-controlled experiments were performed within 1 °C of the target temperature.
Whole-cell voltage-current experiments were only performed on patches with gigaseal resistances and voltage steps were applied three (capsaicin) or five (temperature) times for each cell and condition. Plateau currents were calculated by averaging over the last 10 ms of each step. I-V curves were leak-subtracted and normalized by the driving force to calculate G-V curves. The data were fitted in Igor Pro with a sigmoid curve to obtain the V half . V half values of converging fits were subsequently averaged for each condition. Finally, averages and s.d. from all cells were calculated. Current rises and decays on voltage steps at different temperatures were well-fit by single exponential curves that yielded time constants. Averages and s.d. of time constants were calculated from multiple patches. Current deflections from the baseline level were observed in TRPV1 or mutant transfected cells at high voltages or during application of capsaicin, but were absent in pcDNA-transfected cells in the presence of capsaicin or at high voltages. Singlechannel recordings were analyzed with Igor Pro (Wavemetrics) and QuB 42,43 . For determining single-channel amplitudes, short sections of two distinct current amplitudes were selected and amplitude histograms were calculated and fitted with two Gaussian curves. Single-channel amplitudes were calculated from the difference between the midpoints of the Gaussian fits and the s. 
ONLINE METHODS

Mutant libraries.
Generation of mutant libraries is as described 30, 41 . For the random large-scale library, error-prone PCR was performed with the full-length rat Trpv1 gene (Diversify PCR random mutagenesis kit, Clontech). Subsequently, mutagenized DNA was digested with HindIII and Sac2 or Sac2 and NotI and ligated into digested rTRPV1-pcDNA5 vectors. This generated two separate mutant libraries (1-448 and 449-838 amino acids) and sequencing of ten clones yielded a mutation frequency of ~2 amino acids per clone. About 4,400 colonies were picked for each library and grown for 12 h in 96-well plates containing 1.6 ml of terrific broth per well. Subsequently, plasmid DNA was isolated using the Nucleospin Robot-96 plasmid kit (Macherey-Nagel) and DNA was normalized to 40 ng µl -1 using a 96-well ultraviolet spectrophotometer and an automated pipetting station (MWG Biotech). For the focused, saturating library, QuikChange II XL Site-directed Mutagenesis Kit (Stratagene) was used together with primers that randomized the three nucleotides (NNN) coding for the targeted amino acids. The alignment of amino-acid sequences between rat TRPV1 and mouse TRPV3 was made with ClustalW (European Bioinformatics Institute). The mutated positions of TRPV1 were Glu648, Phe649, Asn652, Tyr653, Lys656, Phe659, Leu662, Tyr666 and Ile668 (Fig. 1a) . For each reaction, 48 transformants were picked, grown, DNA isolated and normalized as described above.
Cell-culture and transfection. Transfection of mutant libraries has been described before 30, 41 . Using a Hewlett Packard Minitrak device, we plated DNA in quadruplicate into poly-d-lysine-coated 384-well clear-bottom assay plates (Greiner) at 75 ng per well. Positive (wild-type TRPV1) and negative (pcDNA5) assay controls were included. Transfections were done by adding Fugene 6.0 (0.2 µl per well, Roche) diluted in OPTI-MEM (Invitrogen) and trypsinized HEK293T cells (8,000 cells per well) to all wells. Transfected HEK293 cells were grown at 37 °C, 5% CO 2 in Dulbecco's minimal essential medium containing 4.5 mg ml -1 glucose, 10% heat-inactivated fetal bovine serum (vol/vol), 50 units ml -1 penicillin and 50 µg ml -1 streptomycin.
Screen. The cells were washed 2 d after transfection with Hanks buffer using an M384 Atlas microplate washer (Titertek), loaded with the calcium-sensitive fluorophore Fluo-3 (Molecular Devices) for 1.5 h, washed again and transferred to a FLIPR-TETRA plate reader (Molecular Devices) to monitor fluorescence. Separate screens were performed using heat/cold stimulation 30 (25 to 45 °C and 25 to 10 °C) or addition of buffer containing capsaicin (100 nM, final concentration) or buffer adjusted to low pH (6.6, final pH). Focused, saturating libraries were additionally screened with 2APB (100 µM), camphor (3.9 mM) and NH 4 Cl (300 mM). All stock solutions were made in DMSO and concentrations were tested before to evoke ~90% of maximal responses in wild-type TRPV1.
Data analysis of library screens. Maximal fluorescence responses were calculated for each well after baseline subtraction. For wells containing wild-type TRPV1 and pcDNA, all data (large screen, n = 360; focused screen, n = 20) were pooled across plates to calculate average maximum (mean) and s.d. (σ) for each stimulus. Data analysis was performed using routines written in Matlab (Mathworks) and Igor Pro (Wavemetrics).
For the large-scale library, clones were determined to be specific if three or four wells responded normally (mean V1 -1.28σ V1 < response < mean V1 + 1.28σ V1 ) to at least one stimulus, but significantly differently (response < mean V1 -2.58σ V1 or response > mean V1 + 2.58σ V1 ) to another stimulus. For hit validation, 884 clones were initially selected, regrown for DNA isolation and assayed as described above. We confirmed 33 clones as hits, fully sequenced them, prepared Maxi-prep DNA and subsequently measured EC 50 curves (capsaicin, pH) and temperature responses. For measuring pH-evoked responses, we used Hanks buffer adjusted to different low pH values. Separately, equal volumes of low-pH buffer were added to standard Hanks buffer and the resulting pH was measured to calibrate dose-response curves. Single-point mutations of all identified alterations were engineered, clones were sequenced and tested again with full dose responses, and compared with wild-type TRPV1 as described above. Only one mutation, amino acid N628, qualified as a final hit. To find the strongest phenotype, we subsequently mutated N628 into each of the other 19 amino acids and tested full dose responses to capsaicin, pH and heat. For position N628, only substitution with the positively charged residues arginine and lysine resulted in temperature-specific phenotypes.
